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Introduction
A demand for low-cost, highly active and stable Pt catalysts for fuel cell applications has been driving the development of new Pt nanostructures in which atomic scale effects and phenomena can be exploited [1] [2] [3] [4] . Pt-bimetallic nanostructures in particular, such as strained overlayers, Pt-X alloys or ordered intermetallics, and Pt-nanoclusters (2D and 3D) have been actively pursued on different types of metal systems. The reduced dimensionality (from 3D to 2D and 1D) in combination with the bonding to another metal, generally results in electronic, and geometrical effects that can substantially alter the catalytic activity and selectivity [4] [5] [6] .
In the case of Pt bimetallic nanostructures, there are many structural variables such as the crystallographic orientation i.e. shape, size, morphology, and surface composition that play a role in the catalytic behaviour and activity. A complete fundamental understanding of the role of these effects is difficult to decouple and, therefore, studies on simple and well-defined 'model' systems are of great benefit [2] . The so-called 'surface science approach' in catalysis, based on single crystal surfaces, has provided a wealth of information about the effects of defects and the crystallographic orientation on the catalytic properties of pure Pt [2, 7] . Different forms of Pt-bimetallic systems explored on ideal single crystal surfaces show that the combination of the nature of the combined metal and the position of Pt atoms can be used to manipulate catalytic activity [5] . The effect of strain in the pseudomorphic monolayers, which results in a shift of the d-band centre and an alteration of the activity, is an excellent example of how the activity can be shaped by elastic deformation [4, 8, 9] .
Pt epitaxial deposition is not readily achievable due to thermodynamic limitations that often lead to preferential 3D growth [10] . Conventional electrodeposition approaches and protocols have been explored to create high active area 3D Pt structures as a function of the ectrodeposition parameters [11] [12] [13] [14] . Some of the methods such as 'spontaneous' deposition [15, 16] and galvanic replacements of the less noble sacrificial metals [17] [18] [19] [20] were shown as successful approaches to produce uniform 3D Ptnanocluster networks on different substrates. All these methods provided invaluable information about the structure of high active area Pt-deposits and their catalytic behaviour.
In the last two decades, new ways to control the deposition of 2D epitaxial Pt films and sub-monolayers with atomic scale precision have been developed [21] [22] [23] [24] [25] [26] [27] . A breakthrough in epitaxial Pt monolayer growth was made by the Surface Limited Redox Replacement (SLRR) method introduced by Brankovic et al. [21] . An underpotentially deposited (UPD) epitaxial monolayer of Cu was used as a sacrificial layer to deposit a more noble Pt layer through a galvanic (redox) replacement reaction. The method has since become established as an approach to design a whole new class of highly active Pt-monolayer catalysts [4] , and nonporous fuel cell functional electrodes [28] [29] [30] . Several research groups extended the SLRR methodology to grow epitaxial Pt films of different thicknesses by utilizing successive applications of the SLRR protocol in various experimental configurations such as multiple immersions and transfers of electrodes [31, 32] , flow-cells [22] and growth in a single-cell [23, 33] . The SLRR controlled deposition of Pt films has been demonstrated with sacrificial layers other than Cu such as Pb UPD [23, 34] and H UPD [33] . The advantages of using Pb UPD over Cu UPD for the growth of 2D Pt films were the quality of the epitaxial Pt layers, and the high replacement yield/efficiency that can be achieved in a single cell configuration [23] . Brankovic et al., in their detailed study of the SLRR kinetics, stressed the importance of the nature of the UPD metal as well as the solution composition on the structure and amount of deposited Pt [35, 36] . It was shown that the stability of Cu (I) chloride complexes during the redox replacement in perchlorate solutions can have a profound effect on the coverage of deposited Pt resulting in half of predicted amount based on the 1:2 = Pt:Cu stoichiometric ratio [35, 36] .
The SLRR method has the advantage of atomic-scale control of the Pt film structure and the coverage from the sub-monolayer to several atomic layers thickness, which can be incredibly useful in the design of model-2D systems for fundamental studies in electrocatalysis [24, 32, [37] [38] [39] [40] [41] [42] . In fact, SLRR has been used in a range of studies of electrocatalytic processes such as the oxygen reduction reaction (ORR) [4, 43] , the hydrogen oxidation reaction (HOR) [24] , and the oxidation of small organic fuels [38, 40, 42] on various Pt/Au nanostructures that explored the effects of their size and thickness on reactivity. For Pt monolayers grown by Cu UPD-SLRR on different single crystal substrates, it has been argued that tensile strain in the layer influences the reactivity of Pt toward methanol and ethanol oxidation, in agreement with the theoretical predictions of the d-band model [42] . It was suggested that tensile strain of the order of 4% in pseudomorphic Pt ML/Au(111) results in the highest reactivity enhancement due to the changes of the strength of adsorption of CO and OH [42] . Bae et al. [24] studied the size effect of 2D Pt sub-monolayer clusters on the kinetics of the hydrogen oxidation reaction (HOR). It was shown that a decrease of the average tensile strain in Pt clusters on Au(111) (due to the finite size of the clusters) can have a positive effect on the kinetics of the HOR, suggesting that the activity increases with the cluster size and that a complete layer is the most active configuration of Pt for the HOR. Prieto et al. [40, 41] used Cu-UPD SLRR to explore CO electrooxidation and the ethanol oxidation reaction (EOR) for submonolayer coverages of Pt on Au-poly and Au(hkl) stepped surfaces. Their results suggest that the Pt films were not pseudomorphic, and that significant restructuring upon CO adsorption/oxidation occurred on the Pt layers due to Pt-Au alloying which influenced the overall activity and product distribution of the EOR. Rincon et al. [32] used multiple Cu UPD-SLRR cycles to deposit Pt films and examined the effect of thickness on the electrooxidation of dissolved and adsorbed CO. They reported the formation of a complete pseudomorphic Pt ML on Au after the first redox replacement. The results showed the effect of increasing thickness of Pt films on the bond strength of CO adsorption with unusually large difference in the potentials of CO ad oxidation in the presence and absence of CO in the solution. Two effects were suggested as possible explanation for the observed thickness dependence of CO electrooxidation on Pt. Firstly, the combination of the reduced strain in the Pt layers and electronic effects of the substrate with thickness could lead to a decrease in the CO adsorption toward Pt bulk values. Secondly, the increasing roughness of films could lead to a large number of lowcoordination adsorption sites such as kinks and steps that also can contribute to a lowering of the CO ad onset potentials with thickness.
It needs to be noted that several different groups using the same SLRR method (immersions and transfers configuration) report Pt layers of different coverages after a single replacement event [32, 35, 40, 42] . While often the observed catalytic effects on a Pt (sub)monolayer have similar trends, their magnitudes vary. The high sensitivity of surface processes to the atomic scale structure (i.e. size and height of Pt clusters, and the roughness of the Pt overlayers) indicates that the details of SLRR protocol are very important for the observed variations in the coverages and morphology of Pt deposits. Alongside the background solutions and the metal concentration, two important aspects can contribute to the variable behaviour. One aspect is the level of oxygen in the solution and during transfer of the electrode. It has been shown that exposure to oxygen affects the stability of a UPD metal layer at the open circuit potential (OCP) [44] , which might result in it becoming partially removed from the surface during the transfer or might compete with Pt ions during the redox replacement of the UPD layer. Another often neglected aspect is the time of immersion of the UPD metal covered surface in the Pt-containing solution.
Once the redox replacement of a UPD layer is completed (within 10s) a spontaneous adsorption of Pt-chloride complexes takes place on the surfaces of Au and Pt [11, 33] . The time scale of the spontaneous adsorption is 1-5 minutes and the application of a potential pulse to reduce this layer could add up to 0.25 ML of Pt to the deposit [11, 45] . All of this suggests the significance of the SLRR kinetics and the importance of understanding the deposition steps that can affect the structure and Pt coverage on a submonolayer-tomonolayer and multilayer level.
In this work, we compare Pt ultra-thin films grown by a SLRR method in a single-cell configuration where the issues associated with the inconsistency of the conditions during growth are minimized, and the effective Pt deposition yield is maximized [23] .
Pt film growth is performed using two different sacrificial UPD layers Cu and Pb that have different reduction potential, size (different UPD packing density) and replacement kinetics [24] which results in a different Pt films structure evolution with the number of replacement cycles. In agreement with the replacement kinetics and stoichiometry, we show that the electrochemically active surface area (EASA) assessed by H UPD on Pt films grown by Pb UPD produces epitaxial layers with comparable roughness, while those produced by Cu UPD show increased roughness with the number of cycles. This difference in the structure was used as a platform to explore the electrooxidation of pre-adsorbed CO ad and formic acid. Specific attention has been given to the Pt films grown by a single SLRR cycle that showed most pronounced differences in the electrocatalytic behaviour and reactivity due to the Pt-Au surface configuration.
Experimental

Electrochemical cell and electrodes:
A standard three-electrode cell was used in Pt film deposition and electrochemical characterisation experiments. Pt wire and mercury/mercurous sulphate electrode (MSE) were used as a counter and reference electrode respectively. All potentials in this work are presented with respect to MSE. Before the electrochemical experiments, solutions were purged with ultra-pure nitrogen gas for at least 1 hour and the blanket of nitrogen gas above the solution was been maintained during measurements. All electrochemical protocols were controlled by an Ivium Compact Stat Potentiostat. All solutions were made with 18.2 MV Mill-Q Millipore water and the highest purity grade chemicals.
Substrates
Pt thin films were deposited on Au-polycrystalline films of 250 nm thickness produced by ultra-high-vacuum evaporation on glass slides (Schott Nexterion D) glass with 2 nm Ti adhesion layer. The evaporated Au films exhibited dominant (111) texture with average grain size of 30 nm as confirmed by X-ray diffraction u-2u and ex-situ STM measurements. Before each experiment the Au films were cleaned in concentrated sulphuric acid, rinsed by ultrapure Millipore Milli-Q 1 water and dried in an ultra-pure nitrogen flow. A final step of the substrate preparation was flame annealing using a propane torch, which was performed by brushing the sample with a direct flame for 1 min. The annealing resulted in a defining (111) structure with an average grain size of 100-150 nm as confirmed by X-ray diffraction and ex-situ STM. The quality of Au (111) 440 mC cm À2 [46, 47] . In this work the current densities of electrochemical measurements were normalised to the A of the substrate unless otherwise stated.
A Pt(111) single crystal (Metal Crystals and Oxides Ltd) of 10 mm diameter and 3.0 mm thickness was mechanically polished down to 0.05 mm alumina suspension (Buehler). Prior to experiments, the crystal was annealed for 10 minutes in a propane flame to an orange colour. The crystal was cooled in ultra-pure nitrogen atmosphere, and then transferred to an electrochemical cell for characterisation in a hanging meniscus configuration.
Pt thin film deposition
Pt thin films were deposited on Au (111) substrates by multiple SLRR cycles in a single-cell configuration using a Cu UPD or Pb UPD sacrificial layer in the presence of a [PtCl 4 ]
À2 complex as described in our previous work [23, 37, 38] . The process of growth was automated to control the application of the potential pulse of UPD layer formation (E 1 ), monitor the OCP changes (up to potential E 2 ) and repeat the desired number of SLRR cycles. The Pt films were deposited using a different number of SLRR cycles labelled by 'nR' (n = 1, 2, 5 and 10) in the text and figures. The potential limits selected in the process were E 1 = À0.38 V and E 2 = 0.05 V [23] . Following the deposition, Pt films were thoroughly rinsed with ultra-pure water and immediately transferred to the electrochemical cell for further electrochemical characterization.
Characterization of Pt thin films
The quality of Pt thin films and roughness was assessed by using cyclic voltammetry in 10 À1 M H 2 SO 4 solution at a range of potentials from À0.68 to 0.70 V with a scan rate of 50 mV/s. Following rinsing of the sample, a set of 5 CV scans was used to activate the surface [48, 49] . The application of 'activation' CVs was used to ascertain removal of any passivation layer that could form during rinsing of the sample and exposure to air during the transfer between electrochemical cells. The electrochemically active surface area (EASA) of Pt films was measured using the integrated charge of hydrogen desorption (i.e. H UPD)
where 210 mC cm À2 is taken for a monolayer of H UPD on polycrystalline Pt [46, 50, 51] .
CO stripping experiments
Following the H UPD characterisation, CO (research grade purity N3.7, BOC) was inserted into solution while holding the potential at À0.60 V for 5-10 min until a stable level of current was established [48, 52] . Then the solution was purged with ultra-pure nitrogen for 40 min. A potential scan at 20 mV/s was applied from À0.60 V to 0.60 V to strip the adsorbed CO layer. A cyclic voltammetry scan was recorded after the stripping scan to ensure the complete CO adlayer stripping from the Pt surface, and the standard H UPD behaviour was registered.
Formic acid oxidation
The formic acid oxidation (FAO) measurements were done by cyclic voltammetry in 5 Â 10 À1 M HCOOH (Sigma-Aldrich, 98.0-100%) + 10 À1 M H 2 SO 4 , between À0.68 V to 0.70 V, at a scan rate of 50 mV/s. The potential limits during FAO were the same as we used in our previous work such that all features associated with the dual pathway mechanism could be observed and that any remaining poisonous CO ad could be fully oxidized and removed from the surface [38] .
STM
Ex-situ STM characterization was done using Agilent Technologies Pico Scan 5100 system, with Pico Scan 2100 controller. The STM tips were made by etching of Pt 80% -Ir 20% wire in a 1:2 mixture of saturated CaCl 2 solution and water at 25 V (ac).
Results and Discussion
SLRR deposition of Pt films
The deposition of Pt films was conducted by the SLRR method in a single cell configuration using Cu or Pb as sacrificial UPD metal layers. Following the protocol described in the previous work, Pt films of different thicknesses were deposited by successive application of SLRR cycles [23] . Briefly, each cycle consisted of a UPD layer formation by a potential pulse to a potential E 1 where complete UPD is formed initially on Au substrate and subsequently on grown Pt films. The potential pulse E 1 was applied for 1s. As described in our previous work [23] , the length of the pulse allows complete UPD layer formation without any significant contribution from direct electrodeposition of Pt. This step was followed by termination of the potential control and a system was left on open circuit potential (OCP) during which spontaneous redox replacement of the UPD layer by [PtCl 4 ] 2À ions takes place. During the redox replacement reaction the coverage of the UPD metal decreases, which results in an increase of the OCP until the potential E 2, corresponding to the UPD metal-free surface, is reached. The potential limits for Pt deposition using Pb UPD-SLRR were: E 1 = À0.85 V and E 2 = 0.00 V [23] . The potential transients recorded during growth are presented alongside with the cyclic voltammograms in 10 À1 M H 2 SO 4 of Pt films deposited by a different number of SLRR cycles (labelled 'R') in Fig. 1 . The OCP transients shown in Fig. 1A are very uniform and each competed in less than 10 s which is in agreement with previous work [23] . The slightly shorter length of the 1st replacement, as discussed in the previous work [23] , is characteristic for SLRR growth in the single-cell configuration. The CVs of Pt films in Fig. 1B exhibit well defined peaks of H UPD in the negative potential range and the surface Pt oxidation/ reduction peaks in the positive potential range. The current density of H UPD and the integrated charge (Table 1) show very small changes indicating the growth of thicker Pt films with no significant roughness increase. The deposition of Pt films using Cu UPD-SLRR was conducted in the same perchlorate background solution to avoid any contributions other than those resulting from the different nature of a UPD metal [35, 36] . The potential limits E 1 = À0.38 V and E 2 = 0.05 V were selected following the same analysis as in the case of Pb [23] . The potential transients during the replacement of Cu UPD with [PtCl 4 ] 2À in Fig. 1C show a progressively longer amount of time needed to complete the red-ox replacements at OCP. The time required to complete 5 replacement cycles was almost twice as long as in the case of 5R via Pb UPD-SLRR. The first replacement step in which Pt deposits onto the Au substrate is almost two times shorter than the first cycle with Pb UPD which is in full agreement with the previously compared rates of single-step SLRR reactions of Pb UPD and Cu UPD in the perchlorate solution [36] . The increasing time of the subsequent replacement transients (R > 1) is associated with the changes of the kinetic aspects of the SLRR replacement of Cu UPD on growing Pt overlayers as shown also in the recent work by Mkwizu et al. [53] . The CV curves presented in Fig. 1D show a systematic increase of the charge associated with H UPD and more pronounced peaks associated with the (110) and (100) 
Pt monolayer structures on Au following a single SLRR cycle
The Pt films grown by a single SLRR cycle (1R) via Cu UPD and Pb UPD have been analysed further in more detail. The H UPD measurements confirm a higher charge density for 1R Pt films grown via Pb UPD than via Cu UPD-SLRR. Moreover, the cyclic voltammograms over an extended potential range from À0.65 to 0.92 V ($1.5 V vs RHE) in 10 À1 M H 2 SO 4 solution presented in Fig. 2 show that Pt films grown by Cu UPD-SLRR do not completely cover Au after 1R and not even after 2R. The appearance of the Au oxide reduction peak at À0.44 V is a clear indication of Au substrate exposure. The ratio of the Au oxide peak charge before and after Pt deposition suggests $0.6 areal coverage of the surface by Pt after 1R and increases to 0.9 after 2R. It takes up to 3 SLRR cycles to completely cover the substrate. In contrast to that, a single SLRR via Pb UPD produces a Pt film that completely covers the substrate (i.e. the oxide peak is not visible). The difference in the morphology and coverage of the Pt layers grown by a single SLRR is illustrated by STM images in Fig. 3 . The STM images are in agreement with previously reported results [23, 35] and with the presented electrochemical measurements. The uniformly distributed small ($3-5 nm) Pt clusters grown by Pb UPD form a compact layer on Au while deposit grown via Cu UPD shows incomplete Au coverage and Pt clusters with a more varied size distribution. In general SLRR can proceed via two possible mechanisms: 1) 'direct exchange' where Pt and UPD metal directly exchange positions during galvanic displacement on the surface; or 2) 'local-cell' where Pt atom deposition is not necessarily the same as the UPD metals position. The uniformity of the Pt deposits independent of the surface defect distribution (such as steps and grain boundaries) is clear indication of the direct mechanism of operation during SLRR via Pb UPD. In the case of 1:2 deposition stoichiometry, two atoms of UPD metal layers are galvanically displaced with one Pt atom and the proximity of those atoms can be an issue and the contribution of the local cell mechanism is possible. An observation of more Pt deposition around the step edges in Fig. 3C might suggests a more 'local-cell' mechanism of the galvanic replacement operating during SLRR Pt deposition via Cu UPD [21, 54] . However, that would contradict the proposed Cl À ligand exchange operating during Cu redox exchange [35] . Another explanation could be an additional Pt deposited during 1 s pulse at E 1 , which in single cell SLRR configuration is present albeit minimized by the length of the pulse.
The structure evolution of the deposited Pt films on Au have clear differences that will be used in following sections to explore their electrocatalytic behaviour as a function of Pt thickness and roughness. The Pb UPD grown films that completely cover Au and have comparable roughness are ideal 'model' systems for exploring strain and ligand effects on Pt catalytic behaviour. On the other hand the partial coverage of Pt on Au at lower thicknesses and the increasing roughness of Cu UPD grown films will allow us to distinguish effects of surface morphology and inhomogeneity due to the presence of high density of defects i.e. low coordination adsorption sites, as well as the exposure of the Au and Pt/Au electrode interface.
CO stripping experiments
The potentiodynamic oxidation of the adsorbed CO (CO ad ) on Pt films deposited by SLRR of Pb UPD and Cu UPD show clear differences of the peak shapes, and positions with thickness as presented in Fig. 4 . The charges integrated under the CO stripping peaks for all films are 2 times larger (within the error) with respect to those measured by H UPD giving an estimate of the comparable surface active area: A Pt ð Þ CO ¼ Q CO 420 mC:cm À2 , where charge of 420 mC cm À2 was used for a complete layer of CO ad on Pt.
For Pt films grown by Pb UPD-SLRR, shown in Fig. 4(A) , no significant differences of the CO stripping peak positions with film thickness can be observed. From the peak potential, E p = 0.058 V measured for 1R (1 ML) layer the peak shifts to the E p = 0.051 V for 10R Pt film. A small potential shift of 7 mV suggests a very small change in the strength of CO adsorption with thickness. Due to the lattice mismatch, a pseudomorphic Pt ML on Au would be under 4% tensile strain which should result in a significant positive shift of the CO stripping potential based on the d-band theory [9, 55] and measurements in ultrahigh-vacuum by thermal desorption spectroscopy [56] . The apparent lack (or very small) of tensile strain effect on the CO electro-oxidation could be explained by the structure and morphology of Pt ML films. It is possible that Pt ML film grown by 1R is not pseudomorphic, as suggested by Prieto et al. and Brimaud et al. [27, 40] . An alternative explanation could be related to the structure of the SLRR Pt deposited sub-ML films that are not smooth, as many pseudomorphic layers are, but rather consist of aligned and packed atomic height Pt nanoclusters on top of the Au substrate. Such nano-domain nature of the Pt film seems to be most stable structure as shown by Brimaud et al. [27] . In the study of Bae et al. [24] it was shown experimentally and by DFT calculations that tensile strain in sub-ML Pt nanoclusters on Au(111) is size dependent and reduces with the reduction of the average cluster size. The overall strain in the layer is then attributed to the convolution of the compressive strain (due to the finite size) and the tensile strain due to the epitaxial misfit. The study also showed that the contribution of the compressive strain in Pt-nanoclusters is most dominant and almost completely cancels out epitaxial tensile strain on clusters smaller than 8 nm diameter [24] . In our case, for 1 ML Pt grown by Pb UPD-SLRR where the average size of Pt domains is $3-5 nm, it is possible that an almost complete balancing of the epitaxial tensile strain and size dependant compressive strain is achieved which could explain very small positive shift of the CO stripping potential, i.e. strength of adsorption, with respect to the thicker films. Furthermore, the same CO stripping peak potentials for epitaxial Pt films of higher thickness (>1ML) are in agreement with the DFT calculations by Yu et al. [57] . According to d-band model the examined CO adsorption strength on ideal epitaxial Pt films becomes smaller and almost the same as that of pure Pt when the number of layers increases above 1ML thickness [57] .
On Pt films grown by Cu UPD-SLRR shown in Fig. 4B , a more pronounced difference of the stripping peak potentials with the number of SLRR cycles can be observed. For the sake of easier comparison of the onset and the peak potentials of CO stripping, the current densities of scans shown in Fig. 4B were normalized with respect the surface active area measured by CO ad , i.e. A Pt ð Þ CO and they are shown in the inset of Fig. 4B . The CO stripping potentials of E p = 0.100 V for 1R Pt film and Ep = 0.092 V for 2R Pt films are more positive than those measured on thicker films, E p = 0.087 for 5R and E p = 0.074 V for 10R.The trend could be explained by epitaxial strain and finite size effects only if the average size of Pt-nanoclusters deposited via Cu UPD-SLRR is larger than those deposited by Pb UPD-SLRR. To confirm this, a detailed statistical analysis of the Pt-nanocluster size distribution conducted on Au (111) single crystal is needed which is beyond the scope of this work. A rough comparison of the STM images as well as the previous studies on this system [58] do not suggest significantly larger size of Pt-nanoclusters deposited via Cu-UPD SLRR compared to those with Pb UPD-SLRR. While strain effects cannot be excluded for medium to high coverages of Pt, other possible effects and their combination should be considered. The fact that after a single (1R) SLRR deposition with Cu UPD an incomplete Pt monolayer (0.56 ML) is formed on Au is important as Fig. 3 . Ex situ STM images of (A) bare Au substrate and Pt deposits after a single SLRR cycle via: (B) Pb UPD and (C) Cu UPD. shows stripping curves normalized by the surface area of Pt measured by CO stripping charge.
similar positive potential shifts of the CO stripping with respect to bulk Pt have been reported on Pt-nanoclusters on Au [13] [14] [15] [16] 57, [59] [60] [61] [62] grown by different methods such as electrodeposition [13, 61] , spontaneous deposition [15, 16, 63] , and SLRR [59, 60] . The magnitude of the potential shift with respect to the bulk Pt vary from values larger than few hundreds of mV for very small clusters ($3 nm) [15, 62] to smaller than 100 mV for larger nanoclusters ($10 nm) [13, 57, 59, 60] . To add to the complexity, the magnitude of the potential shift also depends on the overall Pt coverage [13, 60] . The most pronounced positive potential shifts have been observed for very low coverages ($0.25 ML) where most of the deposit comprises small isolated Pt-nanoclusters on Au [13, 15] . Currently there is no agreement and understanding of the type of effects responsible for the positive potential shift because there are too many aspects besides strain, such as shape and coverage that could play a role which are difficult to separate. The ligand effect of Au on Pt, generally in combination with the strain effect [16, 64] , has been suggested as possible explanation [60] . The ensemble effect including an important role of morphology and surface defect are considered the most plausible explanations as supported by Surface Raman Spectroscopy, theoretical and DFT calculations [2, 13, 57, 65] In that respect our results on sub-ML to ML Pt coverage further strengthen the arguments in favour of the role of structure and morphology affecting the coordination and bonding of CO on sub-ML Pt.
The results in Fig. 4B can be compared to the results of Rincon et al. [32] and Kumar et al. [60] who conducted a thickness dependence study of CO electro-oxidation on Pt films grown by Cu UPD-SLRR using a 'multiple immersion' method on polycrystalline Au in sulphate solutions. Our results are in a general agreement with these results [32] in terms of the different values of the CO stripping potentials for films grown after different number of SLRR cycles. In the work of Rincon et al. [32] there are important differences of Pt films structure contradicting the expected results and the results reported by others [60, 66] . They report a completely covered Au surface after single SLRR cycle as expected based on Cu:Pt = 1:1 deposition yield in sulphate solutions. However, they show Pt films with increasing roughness with the number of SLRR cycles [32] . Although the origin of roughness evolution has neither been discussed nor quantified in their work, their results allow the comparison with the results for overlayer Pt films presented in Fig. 4A and Fig. 4B . A potential difference of $50 mV between the peak potentials of CO stripping on 1ML and 10 ML Pt films can be estimated from Fig. 6B in their work [32] . The similar $50 mV potential differences between the peak potentials of CO stripping on 1ML and 10 ML Pt films is measured by Kumar et al. [60] . The higher roughness of films achieved after 10 SLRR cycles in their work would certainly explain larger potential shifts toward more positive values compared to our Pt films obtained via Cu-UPD-SLRR and Pb-UPD SLRR.
Another aspect that has not been discussed so far is the UPD mediator incorporation for Pt films deposited using a single-cell SLRR. The level of sacrificial UPD metal incorporation is considered most relevant for thicker films (>1 R) where Pt deposition proceeds on a Pt surface and not on the Au substrate. The mediator incorporation can be linked to a more positive UPD stripping potential of mediators (Cu UPD and Pb UPD) on a Pt surface compared to the starting Au. The X-ray photoemission spectroscopy (XPS) measurements conducted in our previous work measured 3.5% and 3.8% of Pb incorporated into the Pt films of 10R and 40R respectively [23, 37] . The work showed the CO electrooxidation potential on 10R films (the same potential as measured in this work) is very close to the potential measured on Pt(111) ($20 mV negative) [37] . Higher levels of Pb (above 5%) incorporation result in weakening of the CO bond and more negative potential shift of the CO stripping peak. Therefore, the effect of Pb on CO stripping, at the levels incorporated in the 10R films measured here, is not significant.
In the case of Cu UPD-SLRR we do not have precise XPS measurements of the surface composition. The Energy Dispersive Spectroscopy (EDS) measurements on very thick Pt films grown by 300R cycles showed 13 at% of Cu [23] . For films grown by SLRR ofPb UPD with the same number of replacement cycles EDS showed 6 at % almost 2 times higher composition measured by XPS [23] . Therefore we can extrapolate that for 10R Cu-UPD films the upper limit of Cu composition could be in the range of 7-9%. We cannot exclude the possibility that there is an effect of Cu on the electrooxidation which can manifest itself through ensemble and synergistic effects; for this a detailed analysis is needed which is beyond the scope of this paper. However, based on the Pt-like electrochemical behaviour of deposited films, and similarity with Pt films reported by others, we can argue that alloying might not be a dominant effect on the catalytic behaviour of these films.
Formic Acid Oxidation
FAO results on two sets of Pt films are shown in Fig. 5 where they have been normalized with respect to geometric area and EASA measured by H UPD. The FAO results normalized to geometric area ( Fig. 5A and B) show clearly visible differences between two sets of samples. All Pt films grown by Pb UPD SLRR show peaks of the same height in the reversed (cathodic) scans of FAO. The behaviour is as expected for films of comparable roughness. On the FAO forward (anodic) scan two peaks can be observed. Based on the general understanding, the peak at lower potential À0.08 V is associated with the desired FAO to CO 2 (direct pathway) while the second peak between 0.24 V and 0.30 V is the peak of electrooxidation of poisonous CO ad blocking the Pt surface (indirect pathway) [67] . Fig. 5A shows that the peak at À0.08 V on forward scan is slightly higher on the 1R sample compared to the others (2-10 R) that almost match each other. The normalization with respect to H UPD (Fig. 5C) shows the same results. The behaviour of Pt films of different thicknesses during FAO can be correlated with the CO ad results reported in section 3.3, suggesting that a very small change in the strength of CO adsorption on 1R films is associated with slight promotion of the direct pathway. The presence of the second peak at more positive potential $0.25 V suggests that the indirect pathway is still operational as expected.
In a similar way, the Pt films grown with Cu UPD SLRR show more changes with the number of replacements. Fig. 5B shows increasing current peaks in the reverse and forward scans that scale with the increase of EASA for 1-10R films. Normalization of the current densities with respect to the EASA of Pt films in Fig. 5D allows us to quantify the activity enchantment by eliminating the contribution from the increased area of the samples. It is apparent from Fig. 5D , that the current increase observed as the thickness increases between 2R and 10R is mostly due to the increase in the active Pt area as the voltammograms look very similar. This is in general agreement with the behaviour observed on films grown by SLRR of Pb UPD films where the Au substrate is fully covered with Pt. However, the behaviour observed for Pt films grown after one SLRR cycle (1R) is both quantitatively and qualitatively different which suggest real increase of the reactivity in this system. The substantially higher activity in terms of the current measured during forward scan can be observed. The value of current density at the peak potentials of À0.04 V, is about $6 times higher value than on those of higher thicknesses (5R and 10R) and about 30 times higher than the value measured on Pt (111) as shown in Fig. 6 . The FAO enhanced activity on sub-ML Pt films can be correlated with the structure and size effects on CO ad strength of adsorption presented in previous section. The results suggest that the activity toward FAO changes on sub-ML Pt-films by promotion of the direct pathway as shown by the increased current of the peak at lower potentials in Fig. 6 . Similar FAO enhancement on Pt clusters (submonolayers) on Au has been reported on both 2D and supported nanoparticle systems [2, [13] [14] [15] 26, 65, 68, 69] . The most widely accepted view of the increased activity of FAO is generally attributed to the promotion of the direct pathway due to ensemble effects [15, 26, 63, 68] as well as the surface structure and types of defects [2, 13, 14, 69, 70] . Both reaction pathways are known to depend on the size of Pt-nanoclusters, the density and type of surface defects [70] [71] [72] . The changes in the activity of FAO reaction on sub-ML Pt cannot be related to the 'mediation' of CO poisoning, as suggested by stronger CO ad , but probably to the enhanced adsorption of active reaction intermediates, presumably formate [72, 73] .
Conclusions
The structure of deposited Pt films on Au via SLRR of Pb UPD and Cu UPD have clear differences of surface morphology and structure that were used to explore the electrocatalytic behaviour of Pt films as a function of their thickness. The Pb UPD-SLRR grown films (1-10R) completely cover the Au substrate and have comparable roughness. They are an ideal 'model' 2D system to explore strain and ligand effects on CO adsorption and FAO. The results have shown no ligand effects and very small strain dependence of CO adsorption and FAO with the thickness due to the nanocluster nature of Pt films. The Pt films grown via SLRR of Cu UPD provided further insight into the effects of sub-ML Pt films on Au and the role of morphology, and coverage on the reactivity of Pt films of different roughness. The comparison with the Pb UPD grown films suggests that the surface structure, roughness and size of the Pt-nanoclusters could be the key factors responsible for the variations of the CO ad strength. The Pt films grown using a single Cu UPD-SLRR cycle were substantially more active toward FAO than other thicker films. The correlation with CO ad results suggest that this enhancement is not achieved by remediation of CO poisoning but rather promotion of direct pathway related again to the structure and size of Pt-nanoclusters. The strain effects in SLRR grown pseudomorphic Pt ML films have been widely used in the electrocatalytic community to explain the increase of a Pt monolayer's activity. Based on our results, strain effects are not very pronounced and most of the effects are probably related to the structure and roughness of the films. In summary, the observed differences in the catalytic behaviour of Pt films grown by SLRR are the result of the differences in their morphology and nanocluster structure of the films. On sub-monolayer Pt films, the behaviour is dominated by the nanocluster size and the coverage of the deposit. For a completely covered surface of Au, the effect of roughness of Pt films and nanocluster size of the deposit has a dominant role in the behaviour and activity.
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Supporting data associated with the findings reported in the paper are available at https://dx.doi.org/10.6084/m9.figshare.3413584.v1.
